A random aggregate algorithmic method and a numerical model for two-phase materials (composed of quartz and plagioclase) with different discontinuous ratios and irradiation times were studied based on the discrete element method using two-dimensional particle flow code (PFC 2D ). The results showed that this algorithm can simulate random irregular aggregate shapes. Furthermore, crack initiation and development and the coalescence process of microwave-induced material damage could be predicted using the discrete element method. After analysis of this study, the micro crack originated from the boundary of the high-absorption-phase plagioclase crystal and expanded around the plagioclase, extending into the quartz material. The crack morphology presented a radial network.
Introduction
Many underground construction developments have been built in recent years due to economic development and the full utilization of water, natural gas, and mineral resources. Blasting and mechanical rock fragmentation methods are commonly used for such construction. The blasting method can cause hidden problems with tunnel stability because of the serious effect on the host rock. The mechanical rock fragmentation method is superior to the blasting method, but there are still some limitations, such as the high cost of the machines, the serious abrasion of cutting tools, and the poor flexibility of rocks. During the entire comminution process, only 1% efficiency has been observed in terms of the energy utilized to generate new surfaces, resulting in significant energy losses in the comminution process. Microwave treatment has been identified as another potential method for inducing intergranular failures in rock samples [1] . Microwave equipment has considerable advantages, such as lower energy requirements, extremely rapid heating rates, no negative dispersion into the environment, good durability, and a high degree of reliability. The main advantage of microwave technology is that the high-absorbing minerals are affected by the applied energy with minimal wasted energy. Examples of strong microwave absorbers include magnetite, chalcopyrite, and water, and examples of poor microwave absorbers include feldspar, quartz, marble, and ice. The metallic constituents in a rock reflect microwaves into the nonmetallic constituents. Numerous studies of microwaves have been conducted, and an experimental study proved that, in microwave irradiation crushing, rocks will be more crushed when the microwave-irradiated rocks have more power [2] . Olubambi et al. [3] analysed the reason for the intensity change in the rocks and found that when microwaves penetrate rocks, some of the microwave energy that is absorbed by the minerals is then changed to heat. From the microwave irradiation impact strength test and analysis of the rocks, a new finding revealed that the form of continuous microwave irradiation can make the change in rock 2 Advances in Materials Science and Engineering strength more notable [4] . Wang and Forssberg [5] found that particle size has a significant effect on the microwave heating process. Researchers have gained significant knowledge and experience regarding the ability of microwaves to thermally fracture materials. The current status of this research work is still continuing to explore [6] . The entire thermal cracking process is difficult to quantify solely by laboratory experiments; because most minerals are brittle materials with a complex three-dimensional structure, experimental approaches cannot easily yield precise insight into the entire thermal fracture process of ores. In addition, the temperature changes that are produced by microwave irradiation will affect the rock mineral composition and internal microstructure. On a mesoscopic scale, such irradiation led to the formation and development of various internal micro defects; these defects affect the basic mechanical properties of minerals. However, it is difficult to observe the development of the micro cracks in the ore under the influence of temperature and stress.
In this situation, numerical investigations are extremely useful. Previous numerical simulation work using continuum analysis indicated the stress patterns that were generated inside microwaves that were used to treat ore particles [1, 7, 8] . However, fractures cannot be explicitly represented using the continuum approach. Compared with the finite element method, the discrete element method has numerous advantages for crack formation; particle flow code (PFC) provided an embodiment of the discrete element method (DEM) for the analysis of rock-mechanics problems and was also a platform for thermal-mechanical analysis. Wanne and Young [9] used PFC 2D to study thermally fractured granite and found that the test results and mathematical model results corresponded well. However, the simulation process considered only the temperature change without microwave damage. Ali and Bradshaw [10] used a bonded-particle model in PFC software to predict the effect of microwave power delivery and found that PFC can be used to consider a thermally induced fracture. The above numerical simulation process typically adopted a circular ball with continuous wave application. Based on the static triaxial test, Wu [11] used the nuclear magnetic resonance method to describe the testing process in detail. Additionally, he combined the theoretical analysis of the aggregate mechanical properties and stated that round particles could not be simulated. Overall, few researchers have conducted damage simulations of a random aggregate model induced by microwaves under different discontinuous ratios and irradiation times. Thus, in this paper, a new random aggregate generation algorithm is developed to simulate a random aggregate shape. The effect of microwave-induced rock damage and the damage mechanism based on the PFC 2D numerical software for different discontinuous ratios in a two-component (quartz and plagioclase) rock were studied via numerical simulations. The results provide a new perspective and new method for discontinuous microwave and microwave-induced damage fracture numerical simulation under different damage effects for underground engineering construction.
Random Aggregate Algorithmic Method
The PFC software used in this paper is PFC 2D Version 5.0
[13], whose basic cell is a circle in PFC 2D . The research results indicate the existing granular materials [14] . Particle shape is an important factor that influences the interaction between particles, as a more irregular particle has a smaller overall stiffness and is more sensitive to the stress state. It is unreasonable to use a circle to simulate a rock specimen. A novel algorithm was used to generate irregular clumps to better characterize the stress variation characteristics of granular materials.
(1) Generate a certain grade of particles in the model boundary (Figure 1(a) ). Then, according to (1) , randomly generate the centre range of the circle (Figure 1(b) ):
where is the centre range of the circle along the direction, is the centre range of the circle along with the direction, is the coordinate position of an arbitrary particle, is the coordinate position of an arbitrary particle, and is a random number, with ∈ (0, 1).
(2) When the centre range of the circle is confirmed, generate graphics according to (2) ; when is equal to 1, the graphic is an ellipse. When is greater than or equal to 2 and the value of increases, the graphics tend to be rectangular. In this paper, = 1 is used to generate an irregular block using an elliptic equation algorithm.
Generate an ellipse ( = 1) using elliptic equation (3) . Here, and are randomly defined based on (4). The standard oval equation is as follows:
where is the long axis, is the short axis, V min is the minimum value of the radius for the particle, V and V are the maximum value of the radius for the particle, and is a random number, with ∈ (0, 1).
(3) If the generated particle is inside the ( = 1) ellipse boundary, they can be combined as a clump. The number of particles in the clump is generated as 1 (Figure 1(c) ); when the first ellipse is generated, the elliptic Advances in Materials Science and Engineering rotating transformation is implemented according to the following equation. Its rotation angle is :
where is the horizontal coordinate value of the first ellipse, is the longitudinal coordinate value of the first ellipse, is a random rotation angle, and is a random number, with ∈ (0, 1). (4) Make (5) into standard equation (3); specifically, (6) is obtained after rotation. Generate a new ellipse ( ≥ 2) from (6) and (4); the number of particles in a new ellipse is ( ≥ 2) according to (4) ; the long axis and short axis are random, so the generated ellipse was also random:
(5) According to (7) and (8), the overlapped areas of the ellipse ( ≥ 2) and the ellipse −1 ( ≥ 2) are defined as ( ); if the number of particles between the new ellipse ( ≥ 2) and ellipse −1 ( ≥ 2) is identical, then the number of particles is ( ) same . If the same amount of particles is present when ( ) ̸ = 0, then ( ) same = 0: where ( ) is the area of ellipse ( ≥ 2) and ( −1 ) is the area of ellipse −1 ( ≥ 2).
(6) According to (8) , if the new ellipse ( ≥ 2) and ellipse −1 ( ≥ 2) occur in the overlapped part, then the particle number of the overlapped part is defined as same− ( ≥ 1). Based on the criterion combined with (9), the number of particles without overlapping parts in the second ellipse 2 is defined as Δ 1 . Then, the new clump particle number new1 is constituted. Specifically, the new clump particle number new1 was equal to the first ellipse particle numbers 1 and Δ 1 . Irregular particles in the current stage consist of the new clump particle number new1 . Subsequently, according to (6) , cyclic rotation in turn generates an ellipse and is combined with (10) until the final number of particles that are generated satisfy (11) . Then, the entire cycle will be stopped, and at that moment, all particles in ellipse ( ≥ 3) are fully contained in ellipse −1 ( ≥ 3). When the irregular clump is generated, it will continue to be the next generation of irregular clumps based on the above method. The volume percentage of irregular particles will be controlled by programming. The process of the random aggregate algorithm is illustrated in Figure 1 :
Numerical Methods

Mechanical Model and Micro
Parameter. The discrete element method has two basic contact models: the contact bonding model (BCM) and parallel bonding model (BPM).
In the BCM, the link that exists between contact points is small and delivers only the force; for the BPM, the main link exists between a particle or block for the contact; thus, the linking is inheritable and the moment is at the same time [15] . At present, the two BCM and BPM links are used [16] .
In the BCM, a contact stiffness effect occurs as long as the contact link between particles is maintained. Regardless of linkage to the fracture, the contact link does not influence the stiffness considerably; thus, the material's macro stiffness will not change considerably. For brittle materials, such as concrete and rock, the BPM will be closer to the physical and mechanical properties of the materials [17] . When the stress links are parallel, the BPM model exceeds the link intensity, and links will be fractured; they can be thought of as tiny cracks at this time. Assuming that there are cracks in the normal links, a tension crack is generated. If there are cracks in the tangential link, a shearing crack is generated. The fracture direction was orthogonal to the centre of the connection between particle fractures. Therefore, this paper adopts a parallel bond model to simulate the rock, which is mainly composed of two types of materials: plagioclase and quartz. Based on the above algorithm, the numerical specimen was created using the procedures of the developed algorithm using the fish language, and the model size is 40 mm × 20 mm (Figure 2 ), Meng [18] conducted a deep analysis of the rock with microwave irradiation and found that a sample with a height greater than 40 mm can be completely penetrated by microwaves. It can also satisfy the wholeness of microwave heating well, and therefore, the chosen model size can meet the requirements and ensure warming consistency. The smallest particle size is 0.1 mm, and the ratio of max to min is set to 1.66. The entire model can generate a total number of particles for 12,668 balls. The number of clumps is 117. The entire model was composed of 26% microwave absorbing mineral (plagioclase) and 74% transparent matrix (quartz) by area. 
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ball is the density of the ball (kg/m 3 ), is the friction coefficient, max is the maximum radius of the ball (mm), min is the minimum radius of the ball (mm), is Young's modulus, is Young's modulus of each parallel bond, is the normal strength, and is the shear strength.
During the numerical simulation process, the common calibration method to select mesoscopic parameters is a trialand-error method. We can obtain reasonable mesoscopic parameters according to a comparison between the results of numerical simulation and actual test results using the trialand-error method. Based on an analysis of the numerical simulation of microwave irradiation, Ali and Bradshaw [1] determined that the tensile strength is more important than the compressive strength in the Brazilian splitting test for ore. It is more appropriate to select a physics experiment with the tensile strength index as the numerical simulation for calibrating microstructure parameters. After choosing different cement strength and tensile strength materials to compare the calibration, the final calibration microscopic parameters of rock are shown in Tables 1 and 2 ; the strength of the mineral particles obeys a normal distribution in this paper. The aim is to ensure the randomness of the strength of the materials such that the actual rock mineral crystal is realistically simulated.
Thermal Model
Heat Flow Process.
In PFC, the thermal material is represented as a network of heat reservoirs (associated with each particle) and thermal pipes (associated with the contacts). A thermal pipe is associated with each contact; heat flow occurs via conduction in the active pipes that connect the reservoirs.
A heat source ( ) and thermal resistance ( ) are associated with each pipe. The heat source ( ) is derived from the temperature of the microwave conversion. Each pipe has a finite length that is equal to the distance of the two connected particles between the centroids. The thermal resistance ( ) can be obtained based on
where is the porosity within the numerical specimen, ( ) is the volume of the ball ( ), ( ) is the length of the thermal pipe ( ), and is the number of balls ( ). is the number of thermal pipes ( ).
Governing Equations for Microwave
where is the thermal conductivity tensor (W/mK), V is the power density (W/m 3 ), is the density of the material (kg/m 3 ), is the heat capacity under constant pressure (J/kgK), and is the temperature (K).
Objects undergoing microwave irradiation constantly absorb microwave energy. Dielectric material objects can transform microwave energy; specifically, the electric field energy is converted into heat energy. To be able to quantify microwave-absorbed energy in different materials, the microwave power density is obtained as
where is the power density (W/m 3 ), is the frequency of the microwave irradiation (Hz), 0 is the permittivity of free space (8.854 × 10 −12 F/m), is the dielectric loss factor of the mineral, and 0 is the electric field intensity resulting from the microwave power (V/m).
Equations (13) and (14) illustrate that, by heating objects with microwaves, material properties play a decisive role in certain conditions. The value of the dielectric loss factor of the material determines the speed of the temperature rise in the microwave field.
Combining (13) and (14), the heat-conduction equation is given as
Thus, the temperature rise can be obtained by solving (15) for a given power density and irradiation time.
Thermal-Mechanical Coupling.
The electric field can be transformed into heat energy using the governing equations for microwave heating. Then, in PFC, by defining different material properties, the conversion of microwave energy can be achieved by setting the power density and irradiation time. When the microwave energy is converted into heat energy, thermal strains are produced in the PFC 2D material by accounting for the thermal expansion of the particles. Given 6 Advances in Materials Science and Engineering a temperature change (Δ ), the change in each particle radius ( ) is given by
where is the coefficient of thermal expansion that is associated with the particle. This paper adopts a parallel bonding model to simulate a rock that is mainly composed of two types of materials: quartz and plagioclase. If a parallel bond is present at the contact associated with a pipe, then we obtain
where is the normal bond stiffness, is the area of the bond cross section, is the expansion coefficient, and is the bond length (assumed to be equal to the distance between the centroids of the two particles at the ends of the pipe associated with the bond).
Boundary Conditions.
In general, boundary conditions require a description of the local boundary in terms of an outwardly directed normal unit vector. However, in the PFC 2D material, there is no explicit representation of the boundary (unlike in a continuum code, where zone surfaces comprise the boundary). This problem is overcome by specifying the power being input to a boundary surface instead of the flux. In this paper, the external boundaries of the thermal model were considered thermally insulated because the microwave irradiation times were quite short; therefore, the convection and radiation were not incorporated into the model. [19] demonstrated that the thermal induced stress within a material after microwave treatment depends largely on its thermal properties. Therefore, in PFC, each thermal property was written as a function in fish language and was incorporated into the numerical model.
Thermal Property Data and Numerical Simulation Conditions. Ali and Bradshaw
Power Density and Irradiation Time.
According to (15), the power density and irradiation time are two important parameters for realizing the transformation of energy. Numerous publications have explained the influence of the power density [6, 10] . To avoid repetitive experiments, this paper used the form power densities of 1 × 10 9 W/m 3 ; these irradiation times (between 0.05 and 0.4 s) were chosen from previous simulation results [10] . Because the material that we chose is different from the previous simulation, we used microwave irradiation times between 0.2 and 0.8 s for a power density of 1 × 10 9 W/m 3 .
Microwave Frequency.
According to standard industry microwave frequencies, 2.45 GHz was chosen; a wavelength under a 2.45 GHz microwave frequency can travel through the rock specimen [18] .
Thermal Property Data.
The specific heat capacity, thermal conductivity, and thermal expansion coefficient of the materials were obtained from Meisels et al. [12] and are tabulated in Table 3 .
Numerical Simulation Conditions.
In this study, we define the discontinuous ratio as
where is the time for applying the microwaves and is one period. expresses the percentage of time applied to the microwave power in one period. The power density change of a square wave over time is illustrated in Figure 3 . Here, when is equal to , the microwaves belong to a continuous process. Different discontinuous ratios are shown in Table 4 . The irradiation times are equal to 0.2, 0.5, and 0.8 s in a variety of different discontinuous ratio conditions. 
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Thermal Loading.
Given the different thermal properties of the material (quartz and plagioclase) and using the irradiation time, the temperature field varied with the thermal load. Plagioclase was used as a wave absorbent phase, and quartz was used as a transparent phase. Figure 4 , with the same irradiation time, a different number of cracks were observed for different discontinuous ratios. The number of cracks increased gradually with increases in the discontinuous ratios. When the irradiation time is equal to 0.2 s, relatively few cracks are generated when the discontinuous ratio is less than 0.2. The number of cracks increases gradually with an increasing discontinuous ratio, and microwaves belong to the continuous process when the discontinuous ratio is equal to 1. The number of cracks in the continuous wave condition reaches its peak value compared to when the discontinuous ratio is equal to 0.2 operating conditions, when the crack number increased nearly 142 times. When the irradiation time is equal to 0.5 s, the number of cracks is 3,063 when the discontinuous ratio is equal to 0.2. The number of cracks is increased by 78 times for an irradiation time of 0.5 s compared to 0.2 s with the same discontinuous ratio of 0.2. When the discontinuous ratio is increased to 0.4 with an irradiation time of 0.5 s, the total number of cracks is 5,579. The effect of microwave-induced damage is approximately equal to that of the condition when the irradiation time is equal to 0.2 s and the discontinuous ratio is equal to 1.
Results and Discussion
Effect of Microwave-Induced Damage under Different Discontinuous Ratios. As shown in
Subsequently, when the irradiation time is equal to 0.8 s and the discontinuous ratio is equal to 0.6, the effect of microwave-induced damage is 1.09 times that when the irradiation time is equal to 0.5 s and the discontinuous ratio is equal to 1. These phenomena indicate that the discontinuity of microwaves has a significant influence on the damage of quartz-plagioclase. Microwave damage is more obvious with an increasing discontinuous ratio. These results indicate that the induced damage for different square waves differs for different discontinuous ratios and different irradiation times, and the effect of the discontinuity of the square wave is considerable. For example, with an irradiation time of 0.5 s and a discontinuous ratio of 1, the continuous wave exposure effect can be replaced by an irradiation time of 0.8 s and a discontinuous ratio of 0.6.
Mechanism of Microwave-Induced Damage under Different Discontinuous Ratios.
Because of the length of the space and damage morphology, the numerical simulation is highly similar for different discontinuous ratio simulations of quartz-plagioclase treated at a power density of 1 × 10 9 W/m 3 ; Table 5 provides the partial results. Combining Figure 4 with Table 5 illustrates that microwave-induced damage is not identical under different discontinuous ratios; when the discontinuous ratio is more than 0.2 and the irradiation time exceeds 0.5 s, microwave-induced damage is more obvious with increases in the discontinuous ratio and irradiation time.
In addition, under the injury conditions, the tensile crack originated from the outer boundary of the plagioclase; few damage fractures were observed in the plagioclase. Most of the fractures were located in the interface of the plagioclase and quartz and around the absorption phase when the plagioclase expands, extending into the quartz material. Finally, a radial network tensile crack is observed because of the composition and thermal property differences in the plagioclase and quartz materials. The dielectric plagioclase crystal particles will absorb microwave and translated microwave energy into heat, and the deformations of the various particles differ when plagioclase and quartz absorb the microwave energy; the temperature rapidly increases with the action of thermal energy (see Figure 5 ; this paper lists the temperature distribution under different discontinuity ratios for an irradiation time of 0.8 s). Figure 5 illustrates that the temperature of the plagioclase material gradually increases with increases in the discontinuity ratio; the temperature difference is obvious compared to that of quartz materials. Thus, a tensile stress is caused by the microwave energy in the material; with a greater temperature gradient, the plagioclase crystal particles will expand by heat, resulting in a greater tensile stress around the quartz structure. Jones et al. [20] used a continuum method to confirm that the tensile stress exists around the grain boundary. When the tensile stress reached and exceeded the bond strength between the particles, the bond of mineral particles broke along the interface between Advances in Materials Science and Engineering 9 this edge, resulting in micro cracks. After crack formation, the stress in the inner structure will redistribute around the breakage, leading to a micro crack continuously extending to the quartz and continuously expanding along the places with lower bond strength, thus inducing more densely connected crack initiation and development in addition to larger crack formation. Finally, the radiation pattern is presented. With increasing irradiation time, the effect of microwave damage is poor when the discontinuous ratio is equal to 0.2 and the irradiation time is equal to 0.2 s, and there are no discernable radial cracks. With increases in the discontinuous ratio and irradiation time, cracks gradually developed as in the diffusion network, and the effect of microwave damage is greater. Based on the above analysis, the nature of mass rock damage induced by microwaves results from differences in the discontinuous ratio of the microwaves; different energies were obtained under various conditions.
Test Verification.
To verify the accuracy of the numerical simulation results and because of the destruction of the morphological similarities, this paper selected the numerical simulation condition of = 0.8 as the comparison group (Table 5) .
Temperature changes will affect the mineral composition and microstructure of the rock; thus, the formation and development of all types of internal micro defects at the microscopic level are presented. However, it is difficult to observe the development of the micro crack network in rock under the influence of temperature and stress. Thus, the rock specimens were first irradiated by microwaves, and then, the internal damage and micro morphology were observed using CT and SEM technology for the different irradiation times. Finally, the test results were compared with the numerical simulation results under the = 0.8 condition.
Microwave Heating Specimen.
The experiment on granite was performed at 2.45
GHz; an open-ended square waveguide acted as the applicator. The exposure condition is that the power is equal to 1 kW and the irradiation time is equal to 0, 20, 50, and 80 s; microwave power is intermittent with a discontinuous ratio of = 0.8. The rock specimen was placed in the centre of the microwave oven cavity. A microwave heated rock is shown in Figure 6 . Real irradiation times equal to 0, 20, 50, and 80 s correspond to numerical simulation irradiation times of 0, 0.2, 0.5, and 0.8 s, respectively.
4.3.2.
Verification. CT images of rock under different irradiation times are shown in Figure 7 ; as the irradiation time increases, the shape of the crack changes continuously, illustrating that the interior of the rock mass undergoes deformation. In addition, cracks are continuously changing, which illustrates that microwave-induced damage is an irreversible process. From Figure 7 we can find that the experiments show significantly fewer cracks than the simulations, which is mainly due to the fact that the mineralogy used for the modelling is a simplified version of reality. It was preferable to simulate simplified models of the ore particles in order to elucidate the general effects of microwave treatment better. In addition, the stochastic distribution model was adopted in the numerical simulation, and it was inevitable to making the difference compared to the results of physical test. There exists another reason that the simulation time was not consistent with the actual time, which leads to the differences of crack numbers between the numerical model and the actual model. But the macro change trend of the cracks can be reflected by the simulation on some level. The rock images finally present a tensile failure form. The failure form of CT images corresponds with the result of the numerical simulation comparison group.
We used scanning electron microscopy (SEM) to better observe the crack growth between mineral particles. The rock micro crack morphology under different microwave irradiation times (Figure 8 ) illustrates that, with increasing microwave irradiation time, thermal cracking typically occurs on the cement surface of mineral particles. There is a trend to form a variety of mesh structures; the development of this network fracture structure is typically terminated by a section of cement in the region, mainly due to the fact that the expansion anisotropy and thermal mismatch of the irregular plagioclase crystal closed angle and pointedness will develop stress concentration points. Under the thermal stress action, when the local stress exceeds the tensile strength of the rock, a crack in the rock is continuously extended, and the final crack is present in the shape of the scattered distribution.
The test results are consistent with the results of the numerical simulation, demonstrating that the results of the numerical simulation are accurate. Meisels et al. [12] also proved this view (Figure 9 ).
Conclusions
The following results were obtained using the discrete element method to simulate microwave-induced damage under different discontinuous ratios and irradiation times:
(1) A new method of random rock clump generation was established based on the discrete element method. This method can accurately simulate irregular shapes.
(2) The microwave-induced damage effect and failure mode under different discontinuous ratios were elucidated. The discontinuous ratio and irradiation time have an important effect on microwave-induced damage. A limited number of micro fractures inside the absorption phase of the plagioclase were observed with increasing discontinuous ratios and irradiation times. Most micro fractures originated from the interface between plagioclase and quartz and around the absorption phase plagioclase, extending into quartz, and finally presenting as a radial network tension crack.
(3) The microwave damage effects differed under different microwave discontinuous ratios; they can be used to mutually transmit based on discontinuous ratios and irradiation times to better utilize resources.
